In this communication, hollow bioactive glass (BG) nanofibers were fabricated via a single-nozzle electrospinning method. The morphology of the prepared hollow BG nanofibers was observed by SEM and TEM, and the results showed that BG nanofibers had a continuous hollow interior. The hollow BG nanofibers were incubated in simulated body fluid (SBF) to investigate their apatitemineralization ability, and the result showed that after incubation for 6 h a flower-like apatite was observed on the surface of hollow BG nanofibers, and the Fourier transform infrared (FTIR) result further confirmed the formation of apatite. The results suggested that hollow BG nanofibers could be used for drug delivery and bone regeneration applications due to their unique hollow structure and bioactivity.
Introduction
Bioactive glasses have attracted extensive researches both in vitro and in vivo for bone regeneration applications due to their excellent bioactivity, biodegradability and osteoconductivity [1] [2] [3] . In addition, it is found that Ca and Si-containing ionic products from bioactive glasses could stimulate proliferation of osteoblasts [4] . However, conventional bioactive glasses are prepared via the hightemperature melt and the sol-gel methods and mainly used in the forms of particles [5] , monoliths [6] , or porous scaffolds [7] . Compared to conventional forms of bioactive glasses, it is found that the bioactive glass with the fiber structure is beneficial for cell attachment and spreading due to having similar structure with extracellular matrix (ECM) [8] . Currently, BG nanofibers are usually fabricated by electrospinning, laser spinning and also drawing from the melt at high temperatures [9, 10] . Nevertheless, the obtained BG nanofibers are less than optimal in structure, since they lack hollow interior in the fiber textures. As it is known, the hollow structured nanofibers possess larger surface area compared to the solid ones, which offer them superior bioactivity and higher drug loading capacity [11, 12] . Very recently, hollow BG fibers have been prepared by combination of the sol-gel method and coaxial electrospinning technique [13] . However, some difficulties still exist in the preparation process; for example, this method requires complicated core-shell spinneret and fine control of the spinning parameters of both the inner and outer fluids. In this communication, we reported a novel and facile method to prepare hollow BG nanofibers, which only needed the common electrospinning setups without any complicated core-shell spinneret.
Materials and Methods

Materials
Tetraethyl orthosilicate (TEOS) and hydrochloric acid (HCl, 36%-38%) were purchased from Shanghai Lingfeng Chemistry Co. Ltd. (China). Calcium nitrate tetrahydrate (Ca(NO 3 ) 2 ·4H 2 O) and poly(vinylbutyral) (PVB) were purchased from Sinopharm Chem. Reagents Co., Ltd. Anhydrous ethanol was purchased from Shanghai Zhenxing Chemcial No.1 Factory. All reagents were used as received without further purification. 
Fabrication of hollow BG nanofibers
1 mL of TEOS and 0.23 g of calcium nitrate tetrahydrate were dissolved in the mixed solution of 0.1 mL of 1 mol/L HCl and 5 mL of anhydrous ethanol. After stirring for 12 h, 0.2 g of PVB was added into the above mixture under vigorous stirring for 6 h to get the final transparent BG precursor. Then the precursor solution was transferred into a syringe for further electrospinning. The spinning parameters were shown as follows. The feeding rate of the solution was fixed at 0.6 mL/h. The applied voltage on the needle of the syringe was controlled at 10 kV, and the distance between the tip of the needle and the rotated drum was 10 cm. The electrospinning process was carried out at room temperature and the relative humidity was about 30% [14] . Finally, PVB was removed by calcining at 600 ∘ C for 4 h in air and the hollow BG nanofibers were obtained.
Apatite mineralization of hollow BG nanofibers
Apatite mineralization of the prepared hollow BG nanofibers was carried out in the simulated body fluid (SBF) at 37 ∘ C for 6 h [15] . The ratio of surface area of the sample to the volume of SBF was fixed at 0.05 cm −1 [16] .
The hollow BG nanofibers mat was firstly cut into square pieces of 1.0 × 1.0 cm 2 (about 4 mg), and then immersed into 20 mL SBF. After incubation for 6 h, the sample was taken out and rinsed with abundant distilled water and ethanol gently, and then dried in the oven at 60 ∘ C for 24 h.
Characterization
The morphology observation was performed using a field emission scanning electron microscope (FESEM, JEOL JSM-6700F, Japan) operated at an accelerating voltage of 10 kV and a field emission transmission electron microscope (FETEM, JEM-2100F, JEOL, Japan). X-ray diffraction (XRD) patterns were recorded on a diffractometer (Geigerflex, Rigaku, Japan) with Cu (Kα) radiation, operating at 40 kV and 100 mA. Fourier transform infrared (FTIR) spectra were obtained on a FTIR spectrometer (Nicolet 380, Thermo Scientific). The software Nanomeasure 1.2 was used to analyze and calculate the inner diameter and wall thickness of the nanofibers based on the SEM images. 50 different nanofibers were randomly selected and the inner diameter and wall thickness of the nanofibers were measured, and the final results were expressed as mean±standard deviation.
Results and discussion
Firstly, we systematically investigated the effect of feeding rate, supplied voltage and working distance on the morphology of the resulted nanofibers and presented the hollow BG fibers with optimized morphology and preparation parameters. It is known that continuous nanofibers with uniform size are desired for biomedical application. In our experiment, it was found that all the parameters (e.g. feeding rate, supplied voltage and working distance) greatly influenced the morphology of the obtained nanofibers. We firstly investigated the effect of the supplied voltage on morphology of the nanofibers, and the results indicated that fibers with lots of beads were observed when the supplied voltage is below 10 kV. If the supplied voltage was higher than 10 kV, the nanofibers could not effectively deposit on the collector. Therefore, the optimal voltage was 10 kV. In addition, it was difficult to obtain continuous nanofibers when the feeing rate was lower than 0.6 mL/h. However, if the feeding rate is too high (> 0.6 mL/h), the diameter of the prepared fibers was too large. Therefore, the optimal feeding rate was controlled at 0.6 mL/h. Finally, a relatively short working distance resulted in an interconnected structure due to the incomplete solvent evaporation, and the optimal distance was 10 cm. Figure 1 shows the morphology of the PVB/BG composite nanofibers and pure BG nanofibers. As seen from the cross-section of the nanofibers in Figure 1(a, b) , the composite nanofibers had the hollow interior, and the inner diameter was about 170±40 nm, and the thickness of the wall was about 140±30 nm. After calcination, the obtained pure BG nanofibers still had the hollow structure, and both the inner diameter and the thickness of the wall decreased with size to 110±30 nm and 120±50 nm, respectively (Figure 1(c, d) ). The TEM images confirmed the hollow structure of the BG nanofibers. From Figure 2a , it could be clearly observed that all the nanofibers had the continuous hollow interior. Moreover, the wall of the hollow BG nanofibers had homogenous microstructure (Figure 2b) . The XRD pattern showed that there were no sharp crystal peaks except for a wide amorphous SiO 2 peak at 2θ of 20 ∘ -30 ∘ in the pattern (Figure 2c ), indicating that the prepared hollow BG nanofibers were amorphous. The EDS (energy-dispersive spectrometer) result indicated that there were only Ca, Si and O signals for the hollow BG nanofibers and the molar ratio of SiO 2 and CaO is 4, which is quite the same as in the original proportion (Figure 2d ). Previous studies had demonstrated that the bioactive glasses with this composition showed great potential in bone regeneration [17] [18] [19] . Therefore, it was believed that the hollow BG nanofibers with this composition would be of great significance in bone repairing. The major finding of this study was that the hollow BG nanofibers could be successfully fabricated by a facile method, which did not need any templates or complicated electrospinning setups. Previous studies indicated that phase separation always occurred in the polymer/TEOS sol-gel electrospinning system, which resulted in the formation of the nanofibers with hollow structure [20, 21] . In our study, the electrospinning system composed of polymer, TEOS and calcium nitrate tetrahydrate was similar with that previously reported [21] ; therefore, it was speculated that the formation mechanism of hollow structure might also be the phase separation. During the fiber flying away from the nozzle, the ethanol located on the outer surface of the fiber was quickly volatilized, and the concentration of ethanol on the outer surface was lower than that within the fibers. As compared with PVB and calcium nitrate tetrahydrate, TEOS was more easily dissolved in ethanol. Additionally, TEOS was incompatible with PVB, and thus TEOS would tend to migrate into the inner part of the fiber, and PVB and calcium nitrate tetrahydrate were forced to diffuse to the out surface of the fiber. Then, TEOS in the inner part of the fiber gradually disapeared due to the volatility of TEOS and the hollow PVB/BG composite nanofibers were formed. After calcinating to remove the polymer PVB, the pure hollow BG nanofibers were finally obtained.
The hollow BG nanofibers were incubated in SBF to investigate their apatite-mineralization ability. The deposition of flower-like apatite was observed after soaking in SBF for 6 h. The formed apatite was composed of lots of nanosheets (Figure 3(a, b) ). In addition, the hollow structure could still be found from the cross-section of the nanofibers. FTIR spectra of hollow BG nanofibers before and after incubation in SBF are shown in Figure 3c . For the hollow BG nanofibers before incubation, the characteristic absorption bands 1093, 802 and 467 cm −1 were assigned at Si-O-Si stretching and bending vibrations. After soaking in SBF for 6 h, two new absorption bands were observed at 601 and 565 cm −1 , respectively, and they were characteristic bands of a crystalline phosphate [22] , further confirming the newly formed apatite on the hollow BG nanofibers. Previous study had shown that conventional BG fibers without hollow structure could induce apatite mineralization after 12 hours of soaking in SBF [23] . However, in our study, it was found that only after incubation for 6 hours, the apatite had already been observed, which indicated that the hollow BG nanofibers had improved apatite-mineralization ability compared to conventional BG fibers with solid structure. The hollow structure of BG nanofibers might provide more nucleation sites for the formation of apatite and further enhance apatite crystallization and growth with time.
Conclusions
In this communication, hollow BG nanofibers were successfully fabricated by a facile electrospinning method based on phase separation. The prepared hollow BG nanofibers had an excellent apatite formation ability in SBF. It was indicated that the prepared hollow BG nanofibers could be used for drug delivery and bone regeneration due to their unique hollow structure and improved apatite-mineralization ability.
